study question: Is the risk of hypertensive disorders in pregnancies conceived following specific assisted reproductive technology (ART) procedures different from the risk in spontaneously conceived (SC) pregnancies? summary answer: ART pregnancies had a higher risk of hypertensive disorders, in particular following cryopreservation, with the highest risk seen in twin pregnancies following frozen-thawed cycles.
Introduction
The increasing use of assisted reproductive technology (ART), partly due to societal trends of postponed childbearing and expanding availability, makes safety aspects of ART an important public health concern. In 2010, children born after ART conception constituted more than 2.0% of children born in most European countries (Kupka et al., 2014 ) and 1.5% of all children born in the USA in 2010 (Sunderam et al., 2013) . Women who conceive through ART are at increased risk of hypertensive disorders in pregnancy (Thomopoulos et al., 2013) , including preeclampsia Tandberg et al., 2014) , which is a major cause of maternal and perinatal morbidity and mortality (Steegers et al., 2010) . The increased risk may, at least in part, be attributed to a larger proportion of multiple births and to a higher prevalence of preeclampsia risk factors among women who conceive through ART, such as higher age and higher body weight than women who conceive spontaneously (Thomopoulos et al., 2013) . However, the altered hormonal profile in early pregnancy due to ovarian stimulation or cycle substitution, or the technology in itself, may also play a role. If risk of hypertensive disorders varies according to which type of ART procedure is used, this may advance our understanding of the underlying mechanisms. Moreover, identifying groups at particularly high risk of developing hypertensive disorders may be of high clinical value (Steegers et al., 2010) .
In ART pregnancies, parental characteristics influence the choice of fertilization methods. When the main cause for infertility is paternal, ICSI is often chosen over IVF, and in most ICSI conceptions in the Nordic countries, a male infertility component is present. As a result, women who conceive through ICSI may have a better reproductive health than those who conceive through IVF (Kallen et al., 2005a,b) , and a lower risk of hypertensive disorders might be expected. Children conceived after frozen -thawed ART procedures tend to be heavier at birth and have a lower risk of preterm birth than those conceived after fresh ART procedures Wennerholm et al., 2013) , a finding that may primarily be attributed to the medical procedure itself, rather than maternal characteristics (Pinborg et al., 2014) . The risk of pre-eclampsia is higher in both small-and large-for-gestational-age pregnancies (Vatten and Skjaerven, 2004) . The risk of hypertensive disorders following frozen-thawed procedures might thus be expected to be either lower or higher than the risk following fresh ART procedures. Previous studies of hypertensive disorders in ART pregnancies have often been limited by small sample sizes or lack of detailed information on type of ART procedure or potential confounders (Thomopoulos et al., 2013) . Consequently, few studies have examined whether risk of hypertensive disorders differs according to type of ART procedure. Increased risk of hypertensive disorders in singleton pregnancies following frozen -thawed cycles compared with fresh cycles and spontaneously conceived (SC) pregnancies has been reported from Sweden (Sazonova et al., 2012) and Japan (Ishihara et al., 2014) . In studies where risk of hypertensive disorders has been investigated separately for IVF and ICSI pregnancies, no clear differences have been found (Kallen et al., 2005b; Buckett et al., 2007; Farhi et al., 2013) . To account for unmeasured parental factors in the study of prenatal exposures, researchers have applied a sibling design (Romundstad et al., 2008; Soderstrom et al., 2013) . If such factors remain constant across the sibling pregnancies, this design may provide an indication that the association may be attributed to factors other than the parental characteristics (Frisell et al., 2012) .
The aim of our study was to assess whether methods used for fertilization (IVF and ICSI) and the cryopreservation of embryos could be associated with the risk of hypertensive disorders in pregnancy. To account for the contribution of multiple pregnancies, we assessed risk in singleton and twin pregnancies separately. To account for the contribution of maternal factors associated with infertility, we used a sibling design to compare risk in subsequent pregnancies by the same woman, conceived following different ART procedures.
Materials and Methods

Study population and design
The CoNARTaS study population consists of ART and SC pregnancies from Denmark, Finland, Norway and Sweden. Data were obtained from each country's national ART Registry and Medical Birth Registry and combined into a Nordic database on ART and safety, described in detail previously (Henningsen et al., 2011) . All ART pregnancies registered since the establishment of each ART Registry throughout 2007 were included. For each singleton ART pregnancy, four singleton SC pregnancies were sampled, matched by birth year and parity (nulliparous versus parous). For twins, all SC pregnancies in the study period were included. The present study was restricted to data from Sweden, Norway and Denmark, since information on type of ART procedure was not available from Finland. From Sweden and Norway, pregnancies with birth year 1988 -2007 were included, whereas data from Denmark were available from 1997 to 2007. A total of 382 106 pregnancies with successful information linkage were eligible. We excluded 6807 pregnancies with missing information (birth year: n ¼ 4; parity: n ¼ 853; maternal age: n ¼ 1; gestational age: n ¼ 4024; offspring sex: n ¼ 862; birthweight: n ¼ 2413) and 1472 pregnancies with impossible values on the study variables, pregnancies with gestational age ,22+0 weeks (n ¼ 375) or ≥45+0 weeks (n ¼ 162), as well as pregnancies with birthweight ≥7000 g (n ¼ 11). The remaining 373 279 pregnancies (47 088 ART singleton, 10 918 ART twin, 268 599 SC singleton and 46 674 SC twin pregnancies) in 354 105 mothers were included in the analyses.
ART methods and hypertensive disorders in pregnancy
Study factors
From the national birth registries, we obtained information on date of birth, parity, maternal age, birthweight, gestational age, offspring sex and hypertensive disorders in pregnancy. We also obtained an anonymized identity link for the mothers to identify pregnancies by the same mother.
Since the diagnostic criteria for pre-eclampsia and gestational hypertension varied across the study period and between the Nordic countries (Henningsen et al., 2011) , we considered hypertensive disorders in pregnancy as a single, combined outcome (International Classification of Diseases, Tenth Revision, ICD-10: O11, O13-O16). Chronic hypertension without superimposed pre-eclampsia (ICD-10: O10) was not considered as an outcome since the condition by definition precedes conception and thus cannot be a consequence of ART treatment. The positive predictive values of a pre-eclampsia diagnosis have been shown to be .80% in the Medical Birth Registry of Norway (Thomsen et al., 2013; Klungsoyr et al., 2014) and 93% in the earlier years of the study period in Sweden (Ros et al., 1998) Pregnancy, 1990 Pregnancy, , 2000 . In the Danish Medical Birth Registry, the positive predictive value of a pre-eclampsia diagnosis was 74% for women who gave birth between 1998 and 2002 (Klemmensen et al., 2007) , when using the diagnostic criteria from the American College of Obstetricians and Gynecologists (ACOG Committee on Obstetric Practice, 2002).
For ART pregnancies, information on date of embryo transfer, fertilization method (IVF, ICSI or a combination) and cryopreservation of embryo was available from the national ART registries. No information was available on the specific cryopreservation methods used. For the majority of SC pregnancies, calculation of gestational age was based on ultrasound examination and on the first day of the last menstrual period if information on ultrasound examination was not available. In ART pregnancies, gestational age was calculated from the date of embryo transfer or from ultrasound examination if date of embryo transfer was not available.
Statistical analyses
We compared the risk of hypertensive disorders in ART versus SC pregnancies, with separate analyses for singletons and twins. We used logistic regression to estimate odds ratios (ORs) with 95% confidence intervals (CIs) with adjustment for parity, birth year, maternal age, offspring sex and country. To increase interpretability, we also used the results of the logistic regression models to estimate adjusted risk differences with 95% CIs. We used robust standard errors to account for the similarity of pregnancies in each mother.
First, we investigated the overall association of ART and risk of hypertensive disorders in pregnancy. Second, we assessed risk according to conception method (IVF and ICSI) and according to cryopreservation status (fresh and frozen-thawed cycles). We also compared risk in pregnancies following different combinations of ART procedures (IVF/fresh cycle, IVF/frozenthawed cycle, ICSI/fresh cycle and ICSI/frozen-thawed cycle) to the risk in SC pregnancies.
We conducted several sensitivity analyses to evaluate the robustness of our findings. We checked for consistency of the results across countries, time periods, parity and infant sex. We also repeated the analyses with adjustment for parity in three categories (0, 1 and ≥2), and after excluding 2121 pregnancies with pre-existing hypertension (ICD-10: O10 and O11).
To further investigate the increased risk of hypertensive disorders in pregnancies following frozen-thawed cycles, we identified all nulliparous ART mothers who also had a second (consecutive) pregnancy after ART conception during the study period (n ¼ 5925, including both singleton and twin pregnancies). In all, 396 of these women had discordant outcomes in their two pregnancies (that is, one pregnancy with and one without hypertensive disorders), and 130 had both discordant outcomes and discordant cryopreservation status. We used conditional logistic regression with the mother as the grouping variable to compare risk in pregnancies within the same mother, adjusting for birth period, maternal age and plurality. With this approach, we could to some extent reduce the influence of underlying maternal risk factors, assuming that these are fairly constant within each ART mother and not related to the conception rates in fresh and frozenthawed cycles. The number of siblings with discordant fertilization method (IVF or ICSI) was too low to provide reliable results for a within-mother comparison.
To increase interpretability, we also estimated the risk of hypertensive disorders in the first and second pregnancy for all 5925 women with sibling ART pregnancies according to cryopreservation status in both pregnancies; fresh ART in both pregnancies, fresh ART in the first and frozen -thawed ART in the second pregnancy, frozen-thawed ART in the first and fresh ART in the second pregnancy and frozen-thawed ART in both pregnancies. Since recurrence rates for hypertensive disorders in pregnancy are high (Tandberg et al., 2014) , we also conducted a sensitivity analysis to investigate if risk of hypertensive disorders in the second pregnancy differed for fresh and frozen -thawed ART among women with and without hypertensive disorders in their first pregnancy.
All statistical analyses were conducted using Stata statistical software, version 12 (StataCorp LP, TX, USA).
Ethics
The study was approved by the Data Protection Agency and register keeping authorities in each country. Permission was granted from the regional ethics committees in Norway (REK 2010 (REK /1909 and Sweden (Dnr 023-09, T431-09). In Denmark, study-specific ethical approval is not required when using national register data for research purposes.
Results
Hypertensive disorders occurred in 5.9% of ART and 4.7% of SC singleton pregnancies, and in 12.6% of ART and 10.4% of SC twin pregnancies (Table I) . Fresh IVF and fresh ICSI were by far the most common types of ART procedures preceding both singleton and twin conceptions. The mean age at delivery for women with singleton ART pregnancies was 33.4 (SD 4.0) years compared with 28.5 (SD 5.0) years for women with SC singletons. The distribution of the matching factors (birth year and parity) was quite similar between the groups. For twins, the mean maternal age at delivery was 32.6 (SD 3.8) and 30.1 (SD 4.8) years for ART and spontaneous conceptions, respectively. Parity differed markedly between the included ART and SC twin pregnancies (68.6 and 38.9% nulliparous women, respectively), where no matching was carried out. In our sample, gestational age and birthweight were lower in ART pregnancies, and the proportion of Caesarean sections higher, compared with SC pregnancies.
For all ART procedures combined (Table II) , the risk of hypertensive disorders was higher in singleton ART pregnancies compared with singleton SC pregnancies (OR 1.16, 95% CI 1.10 -1.21). In twin pregnancies, ART and SC pregnancies carried the same risk after adjustment for other factors (OR 0.96, 95% CI 0.89-1.03).
For singletons, the risk after frozen-thawed cycles was higher (OR 1.41, 95% CI 1.27 -1.56) than after fresh cycles (OR 1.12, 95% CI 1.06 -1.18). Also for twins, we found a higher risk after frozenthawed cycles (OR 1.57, 95% CI 1.34 -1.85), whereas the risk after fresh cycles was lower than in SC twin pregnancies (OR 0.90, 95% CI 0.84 -0.97). A sensitivity analysis indicated that the association was similar in like-sex and unlike-sex twin pregnancies (Supplementary data, Table S1 ). The excess risk associated with frozen -thawed cycles was 1.8 percentage points (95% CI 1.2-2.4) for singletons and 5.1 percentage points (95% CI 3.0 -7.1) for twins. The observed risk in twin pregnancies following frozen-thawed cycles was 19.6%. When comparing risk after frozen -thawed cycles to the risk after fresh cycles, the OR was 1.24 (95% CI 1.11 -1.37) for singletons and 1.72 (95% CI 1.45 -2.04) for twins (data not tabulated). The increased risk in frozenthawed cycle pregnancies was similar for IVF and ICSI. Both IVF and ICSI were associated with a modestly elevated risk of hypertensive disorders in fresh cycle singleton, but not in twin pregnancies.
The results were consistent across Sweden, Denmark and Norway, time periods, offspring sex and parity, and were not affected by exclusion of women with pre-pregnancy chronic hypertension (data not shown).
Both in singleton and in twin pregnancies, the unadjusted risk was higher in ART pregnancies than in SC pregnancies. For singletons, the covariate with the greatest influence on the associations was maternal age, whereas for twins, adjustment for parity had the largest impact. Inclusion of other covariates had little influence on the estimates.
Comparing ART pregnancies within the same mother, frozenthawed cycles were associated with a higher risk of hypertensive disorders (OR 2.63, 95% CI 1.73 -3.99) than fresh cycles (Table III) . When the analyses were restricted to women who had singletons only, the OR was 2.39 (95% CI 1.48 -3.86). The difference between the unadjusted and adjusted estimates was mainly due to adjustment for parity. As illustrated in Fig. 1 , the estimated risk of hypertensive disorders was higher after frozen -thawed than after fresh cycles for all combinations of cryopreservation status. The risk of hypertensive disorders in the second pregnancy was higher after frozen -thawed than after fresh cycles irrespective of occurrence in the first pregnancy (data not shown). 
Discussion
We found a moderately increased risk of hypertensive disorders in singleton ART pregnancies compared with SC singleton pregnancies, most pronounced for women who conceived following frozenthawed cycles. In twin pregnancies, the risk was higher than in SC pregnancies only for ART pregnancies with frozen-thawed embryo transfer, but not in fresh embryo transfer pregnancies. The increased risk in frozen -thawed embryo transfer pregnancies persisted when analyses were restricted to comparison of sibling pregnancies in women who had conceived through both fresh and frozen-thawed procedures. There were no clear differences in risk for pregnancies conceived through IVF or ICSI. Strengths of our study include the large number of ART pregnancies, the population-based design and the high data quality in the Nordic health registers (Ros et al., 1998; Klemmensen et al., 2007; Thomsen et al., 2013; Klungsoyr et al., 2014) . In the Nordic countries, prenatal care programs free of charge are provided by the public healthcare systems. Reporting to each country's national birth register is routine procedure independent from conception mode. During most of the study period, women with ART pregnancies have followed the same prenatal care programs as the general population. Thus, it seems unlikely that our findings could be explained by differences in reporting or in detection of hypertensive disorders. Furthermore, ART is free of charge or heavily subsidized in the public healthcare system in the Nordic countries. Therefore, the decision to choose ART treatment is based on medical indications rather than the couple's private economy.
The contribution of factors related to the underlying infertility has been a major source of uncertainty when evaluating safety aspects of reproductive technology (Pinborg et Odds ratio from conditional logistic regression.
2
Number in parentheses is the number of pregnancies with hypertensive disorders.
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Adjusted for parity (0 or 1), maternal age (continuous), birth period (1988-1999 or 2000 -2007) and plurality (if applicable).
In our study, we could adjust for important confounding factors such as parity and maternal age at birth. Through separate analyses for singleton and twin pregnancies, we could also evaluate the contribution of twin pregnancies. However, our study lacks information on some potential confounders, such as maternal BMI smoking and causes for infertility. Most of these may be expected to be relatively constant within the same woman, and comparing subsequent sibling pregnancies may thus provide a means to control for unknown or unmeasured confounding (Frisell et al., 2012; Keyes et al., 2013) . In our study, risk of hypertensive disorders was higher in frozen -thawed embryo transfer pregnancies also when compared with fresh embryo transfer pregnancies within the same mother, suggesting that the increased risk following frozenthawed embryo transfer may not be entirely attributed to maternal characteristics or infertility per se. Despite a large total number of ART pregnancies, the limited number of ART sibling pregnancies in our study should be kept in mind when interpreting the results. Since we did not have information on all SC pregnancies in each woman's history, we could not compare risk in ART and SC pregnancies in the same mother. Recent reviews on pregnancy complications following ART pregnancies support that the risk of hypertensive disorders is higher in ART pregnancies compared with SC pregnancies, even when only singletons were included (Jackson et al., 2004; Thomopoulos et al., 2013) . In previous studies, a similar risk of pre-eclampsia has been found for ART and SC twin pregnancies (Kallen et al., 2005b; Pinborg, 2005; Tandberg et al., 2014) . In these studies, no distinction was made between pregnancies following fresh and frozen-thawed cycles. Our results indicate that twin pregnancies conceived after fresh ART procedures carry a lower risk of hypertensive disorders than SC twin pregnancies after adjustment for potential confounders. We speculate that women who had two or more embryos transferred despite the single-embryo transfer policy in the Nordic countries may be healthier than the general population of pregnant women and that this might contribute to the lower risk.
Our results are in accordance with those from previous studies comparing risk of hypertensive disorders after fresh and frozen-thawed cycles. In a study including singleton ART and SC pregnancies in Sweden from 2002 to 2006, risk of pre-eclampsia was higher in pregnancies after frozen -thawed cycles, compared with both fresh cycle procedures and SC pregnancies (Sazonova et al., 2012) . Our results indicate that the association is also present in twin pregnancies and similar across Norway, Sweden and Denmark. In a Japanese study of pregnancies from single-embryo transfers in 2008-2010, the risk of pregnancy-induced hypertension was higher after frozen-thawed than after fresh cycles (Ishihara et al., 2014) . Most ART cycles in that study were blastocyst transfers, a procedure that was uncommon in Scandinavia during our study period. In a smaller study from China, the proportion of pregnancies with hypertensive disorders was higher for transfer of vitrified and slow freeze embryos compared with fresh embryo transfer, but the results were not conclusive (Liu et al., 2013) . In the Nordic countries, slow freeze was the main cryopreservation method during the study period.
No consistent differences in risk of hypertensive disorders have been reported from studies comparing IVF and ICSI pregnancies (Kallen et al., 2005b; Buckett et al., 2007; Farhi et al., 2013; Thomopoulos et al., 2013) . However, most of these studies were small and lacked information on potentially important confounders (Thomopoulos et al., 2013) . In the Nordic countries, IVF is the most common fertilization method in ART pregnancies (Kupka et al., 2014) , and ICSI is used primarily when a male contribution to the couple's infertility is suspected. This led us to hypothesize that the risk of hypertensive disorders in ICSI pregnancies might be lower than in IVF pregnancies. In ICSI pregnancies, a higher risk of pre-eclampsia has been reported in pregnancies with surgically obtained sperm compared with pregnancies with ejaculated sperm (Wang et al., 2002) , linking male infertility to pre-eclampsia. Thus, we cannot exclude a paternal contribution to the observed risk in ICSI pregnancies in our study. Fetal genes inherited from the father may contribute to the development of pre-eclampsia (Skjaerven et al., 2005) , but it is not known if such genes are associated with male infertility.
The consistently higher risk of hypertensive disorders in pregnancies following frozen -thawed ART procedures in this study, even within the same mother, may indicate that the association cannot be attributed to maternal characteristics alone. Pregnancies after frozen -thawed cycles carry a lower risk of preterm birth and small-for-gestational-age children than those after fresh cycles Shapiro et al., 2014) . A proposed explanation for these observations has been an altered intrauterine implantation environment in fresh cycles due to ovarian stimulation (Shapiro et al., 2014; Weinerman and Mainigi, 2014) . Hence, cryopreservation has often been considered a safer method than fresh embryo transfer (Shapiro et al., 2014; Weinerman and Mainigi, 2014) . However, cryopreservation is also associated with increased risk of large-for-gestational-age births (Pinborg et al., Figure 1 Risk of hypertensive disorders in pregnancy for mothers with two ART pregnancies, according to cryopreservation status in each pregnancy. The risk estimates are adjusted for maternal age (continuous), birth period (1988-1999, 2000 -2007) , country and plurality. CI, confidence interval.
2014; Wennerholm et al., 2013) , which is a risk factor for term preeclampsia (Vatten and Skjaerven, 2004 ). An improved understanding of potential alterations in placental and fetal development in pregnancies following replacement of thawed embryos is needed. Detailed information on treatment regimens in each pregnancy may help disentangle the potential contributions from cryopreservation methods per se and other parts of the management in frozen-thawed cycles, such as hormonal substitution in artificial cycles.
The increased risk of hypertensive disorders after frozen-thawed cycles in this study raises concerns about the safety of cryopreservation, in particular since this procedure is increasingly used (Ferraretti et al., 2013; Kupka et al., 2014; Shapiro et al., 2014) . However, to reduce the burden of twin pregnancies, cryopreservation of embryos is essential to obtain an acceptable cumulative pregnancy rate when using singleembryo transfers (Thomopoulos et al., 2013; Bhattacharya and Kamath, 2014) . In our study, the risk in singleton pregnancies conceived after frozen -thawed cycles was considerably lower than in twin pregnancies conceived after fresh cycles (7.0 versus 11.8%, respectively). Therefore, frozen -thawed single-embryo transfer may still be safer than fresh double-embryo transfer, and in particular, safer than frozen -thawed double-embryo transfers.
Conclusions
ART pregnancies carry a higher risk of hypertensive disorders than SC pregnancies. The risk is particularly high in pregnancies following frozen -thawed cycles, also when compared with fresh cycle pregnancies in the same mother. The risk of hypertensive disorders in pregnancies after frozen -thawed cycles merits further attention.
Supplementary data
Supplementary data are available at http://humrep.oxfordjournals.org/.
